To determine whether Streptococcus pneumoniae capsule was necessary for pathogenesis of pneumococcal endophthalmitis.
T he bacterium Streptococcus pneumoniae is a major cause of bacterial endophthalmitis, especially after ocular surgery. [1] [2] [3] [4] Intravitreal vancomycin or ceftazidime is often administered to treat pneumococcal endophthalmitis; however, despite treatment, this disease is particularly devastating to the eye and can result in evisceration and poor visual outcome. 2, 4 Little is known about the factors responsible for the pathogenesis of pneumococcal endophthalmitis, except that the S. pneumoniae toxin pneumolysin is responsible for some of the retinal damage caused by the bacterium. 5, 6 The polysaccharide capsule surrounding S. pneumoniae has been well established as a major virulence factor in nonocular pneumococcal infections such as systemic infections, lung infections, and bacteremia. [7] [8] [9] [10] [11] [12] The function of the capsule in these infections is to allow the bacterium to evade phagocytosis. 7, 10 The current vaccine used to protect adults against pneumococcal infections is a 23-valent polysaccharide vaccine composed of the most commonly encountered capsule types in pneumonia at the time it was formulated. 13, 14 For children, a vaccine consisting of 13 different capsule types conjugated to a diphtheria protein is used. 15 In sharp contrast to findings in nonocular infections, Reed et al. 16 discovered that S. pneumoniae does not require the presence of capsule to cause keratitis. Reed et al. 16 compared Avery's strain (an encapsulated serotype 2 strain, also known as D39) with strain R6 (a nonencapsulated derivative of D39) in a rabbit keratitis model and showed that there was no significant difference in ocular pathology caused by the two strains. Therefore, capsule did not appear to be necessary for keratitis caused by S. pneumoniae, a finding opposite that of all the nonocular infections studied to date.
As with keratitis, capsule does not appear to be required for pneumococcal conjunctivitis. Most outbreaks of pneumococcal conjunctivitis are caused by nonencapsulated strains. [17] [18] [19] [20] Furthermore, a study by Hanage, et al. 21 examined 70 nontypeable S. pneumoniae conjunctivitis isolates and discovered that most of these nontypeable strains contained no capsule locus.
The association of capsule with pneumococcal endophthalmitis is different in that most studies have reported the specific capsule types encountered in S. pneumoniae endophthalmitis rather than examining whether the presence of a capsule is necessary. A study by Soriano et al. 4 reported 36 cases of endophthalmitis caused by S. pneumoniae and determined that the most common types were 6, 19, 9, 15, and 23 (in decreasing order of occurrence). The current 23-valent vaccine uses polysaccharides from all these serotypes. 22 However, the 13-valent vaccine covers all but serotype 15. 15 Of the 36 isolates, the serotype of the isolate was determined for 24 of the cases. The study did not mention whether the nontypeable isolates were encapsulated. The observation that at least 66% of the endophthalmitis isolates were encapsulated suggests a possible role for capsule in endophthalmitis. No reports have been identified as to the potential impact of the capsule-based pneumococcal vaccines on endophthalmitis.
In this study, a capsule-deficient isogenic mutant strain of S. pneumoniae was constructed from a clinical ocular strain, and the two were compared in a rabbit endophthalmitis model. The purpose of these experiments was to determine whether capsule was necessary for pathogenesis in pneumococcal endophthalmitis.
METHODS

Preparation of Capsule-Deficient Mutant
S. pneumoniae K1544, a clinical ocular strain, was kindly provided by Regis Kowalski of the Charles T. Campbell Eye Microbiology Laboratory (Pittsburgh, PA). The capsule type of K1544 (type 38) was determined using the multiplex PCR method described by Pai et al. 23 A capsule-negative isogenic mutant of K1544 was created by homologous recombination in which the capsule locus was replaced with the bicistronic Janus cassette (kindly provided by Larry McDaniel, University of Mississippi Medical Center, Jackson, MS) encoding resistance to kanamycin and sensitivity to streptomycin, as previously described. 24 -26 The parent strain was grown in competence medium (CM; 0.2% glucose, 0.2% BSA, and 0.02% CaCl 2 in Todd Hewitt broth with 0.5% yeast (THY) pH 7.2-7.4) at 37°C to A 600 of 0.6. The culture was diluted 1:50 in fresh CM. After 200 ng competencestimulating peptides 1 and 2 27 were added, the culture was incubated at 37°C and 5% CO 2 for 12 minutes. One microgram of Janus cassette DNA was added, and the mixture continued to incubate for an additional 4 hours. A double-crossover event occurred in which the capsule locus was replaced with the kanamycin-resistance cassette of the donor DNA. Transformants were selected by isolation on 5% sheep blood agar containing 200 g/mL kanamycin. Chromosomal DNA was purified from the transformants and screened using PCR with primers specific to the Janus cassette 24 (Table 1) . PCR was also performed using primers specific for the universal capsule sequence ( Table 1 ) to show that the capsule locus had been removed. 23 The Quellung test was performed using capsule-specific antisera (type 38; Statens Serum Institut, Copenhagen, Denmark) to verify the bacterium no longer produced a capsule.
Bacterial Growth
Bacterial colonies were isolated on 5% sheep blood agar (plates and media for the mutant strain contained 200 g/mL kanamycin) and were incubated overnight at 37°C and 5% CO 2 . THY was inoculated with one colony and incubated at 37°C in 5% CO 2 overnight. The overnight culture was inoculated into fresh THY at a 1:100 dilution. The bacteria were grown to an optical density (OD) at A 600 that corresponded to approximately 10 8 CFU per milliliter. Accuracy of the bacterial CFU was verified by colony counts of serial dilutions.
Infection
New Zealand White rabbits (Harlan Sprague-Dawley, Inc, Oxford, MI) were used in these studies and maintained according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center. Each rabbit was anesthetized by an intramuscular injection of a mixture of ketamine hydrochloride (100 mg/mL; Butler Company, Columbus, OH) and xylazine (100 mg/mL; Butler Company). Proparacaine hydrochloride drops were applied to each eye before injection. Bacterial cultures were diluted such that each vitreous humor was infected with approximately 10 2 CFU in a volume of 10 L. A 30-gauge needle was used to inoculate the bacteria into the vitreous humor of each eye. In a separate experiment, purified polysaccharide of capsule types 9, 19, and 23 (100 L of 1 mg/mL; American Type Culture Collection Manassas, VA) was injected into the vitreous of rabbits to determine whether capsule alone elicited any pathologic effects. (Type 38 polysaccharide was commercially unavailable.)
Slit Lamp Examination
Slit lamp examination (SLE) for endophthalmitis was previously described by Callegan. 28 In short, eight parameters were used for determining the severity of endophthalmitis: injection, chemosis, corneal inflammation, anterior chamber cell, anterior chamber flare, red reflex, vitreal clarity, and retinal clarity. Each parameter was given a grade from 0 (no inflammation) to 4 (maximal inflammation), resulting in a total score with a theoretical maximum of 32. Each eye was scored by two examiners who were masked to the experiment, and the two scores were averaged.
Electroretinography
Electroretinography (ERG) was used to quantify the retinal response to a single, low-intensity flash (one flash per second); resultant B-wave amplitudes in microvolts (V) were recorded for each eye. Rabbit eyes were pharmacologically dilated, and baseline B-wave amplitudes were obtained using scotopic, bright-flash ERG (Bravo EP OS/2, version 3. 
CFU Recovery
Rabbits were euthanatized at 24 or 48 hours PI by an overdose of intravenous sodium pentobarbital (Sigma-Aldrich, St. Louis, MO). Vitreous (0.3 mL, nonemulsified) was removed from each eye using a 22-gauge needle. The vitreous samples were serially diluted, cultured in triplicate on blood agar, and incubated in 5% CO 2 at 37°C overnight for quantitation of log 10 CFU recovered.
Myeloperoxidase Activity Assay
The myeloperoxidase (MPO) activity of neutrophils in infected vitreous was determined using a colorimetric assay, as described previously. 29 Uninfected vitreous served as a background control, and purified MPO (Sigma-Aldrich) served as a positive control. MPO activity was expressed as MPO units.
Cytokine Expression
One hundred microliters of vitreous was removed at 3, 6, 9, 12, 24, 36, and 48 hours PI from infected eyes. A mammalian RNA isolation kit (Sigma-Aldrich) was used to isolate host RNA from each vitreous sample. RNA (0.5 g) was then reverse transcribed into cDNA using a reverse transcriptase kit (MMLV High-Performance Reverse Transcriptase; Promega, Madison, WI). As described by Ramirez et al., 30 primers specific for rabbit cytokines IL-1␤, TNF-␣, IL-6, IL-10, IL-8, and GAPDH (housekeeping gene) were used in PCR reactions with the cDNA to determine cytokine expression. Two modifications of the protocol were made: 0.5 g RNA was used as template to generate cDNA, and 28 cycles were used to amplify DNA from cDNA. IL-10 and GAPDH were tested at all time points. All other cytokines were tested at 3, 6, 9, and 12 hours PI.
Histopathology
Whole eyes were removed, and histologic sectioning and staining were performed (Excalibur Pathology, Inc., Moore, OK). Hematoxylin and eosin staining was used to stain eosinophils and general ocular architecture. For neutrophil and macrophage staining, the specimens were fixed and processed to paraffin. Five-micron sections were deparaffinized using xylene and rehydrated through graduated alcohols to 
Statistical Analysis
Data were analyzed using the SAS (Cary, NC) program for computers. Clinical SLE scores were analyzed using a nonparametric one-way analysis of variance. Bacterial CFUs were analyzed using the general linear models procedure of least squares means. All experiments except cytokine analysis were performed twice, yielding similar results, and the data from the two experiments were combined. Statistical analyses of the MPO and ERG data were performed using a Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS
Preparation of Capsule-Deficient Mutant
A capsule-deficient mutant that was isogenic with the parent strain was constructed by homologous recombination with the Janus cassette. 26 PCR amplification using total DNA from the parent strain as template and primers complementary to portions of the cpsA gene gave rise to a 160-bp product; however, no product was observed when using DNA from the mutant strain as template. When parent template was combined with primers complementary to portions of the Janus cassette, no product was produced. Amplification using DNA from the mutant strain as template and primers complementary to portions of the Janus cassette was performed, and a 3195-bp product was observed. Parent and mutant bacteria were then examined by the Quellung reaction. A halo was visible on microscopic examination around the parent bacteria, but not around the mutant bacteria, when exposed to capsule specific antisera (data not shown).
Rabbit Endophthalmitis Model
The parent strain and the capsule-deficient isogenic mutant strain were compared in a rabbit endophthalmitis model. Actual bacterial CFU for all the inoculations ranged from 430 to 760 for the mutant strain and 340 to 540 for the parent strain, as determined by enumeration of serial dilutions of the inocula. Two independent experiments were performed. For the first experiment, the inoculum of the mutant strain was higher than that of the parent strain. For the second experiment, the inoculum of the parent strain was higher than that of the mutant strain. Despite the differences in inocula, the results were similar for both experiments. The eyes of rabbits infected with the parent strain (n ϭ 10 eyes) had an average SLE score Ϯ SEM of 18.31 Ϯ 1.51 at 24 hours PI, and the eyes infected with the mutant strain (n ϭ 12 eyes) had a mean score of 9.78 Ϯ 1.16 (P Ͻ 0.01). At 48 hours PI, the average SLE scores for eyes infected with the parent and mutant strains Fig. 1A) . Figure 1B shows representative eyes infected with the parent and mutant strains. The parent strain caused a more severe pathology at 24 and 48 hours PI. More infiltration of inflammatory components was observed in the eyes infected with the parent strain than in the eyes infected with the mutant strain at both time points. In contrast, injection of pure polysaccharide caused no clinical symptoms. All eyes infected with pure polysaccharide had clinical scores of 0 at 24 and 48 hours PI (data not shown). Fig. 2 ).
Electroretinography
ERG of eyes infected with the parent strain (n ϭ 4) revealed a higher mean baseline B-wave amplitude than did that of eyes infected with the mutant strain (n ϭ 4): 215.22 V and 188.59 V, respectively. No significant difference in percentage loss of retinal function was observed at 24 hours PI between eyes infected with the parent (47.00 Ϯ [95% confidence interval] 14.05) or the mutant (20.81 Ϯ 24.74) strain (P ϭ 0.11). However, by 48 hours PI, eyes infected with the parent strain had a significantly higher percentage loss of retinal function (100.00 Ϯ 0.00) compared with eyes infected with the mutant strain (34.82 Ϯ 31.71; P ϭ 0.03;
Vitreal CFU Recovery
There was a significant difference between the parent and the mutant strains in CFU recovered from the vitreous of infected rabbit eyes. The average log 10 CFU Ϯ SEM recovered from the vitreous of the eyes infected with the parent strain (n ϭ 10) was 8.91 Ϯ 0.26 at 24 hours PI. In contrast, the vitreous of the eyes infected with the mutant strain (n ϭ 12) had a log 10 CFU of 6.86 Ϯ 0.32 at 24 hours PI (P Ͻ 0.01). At 48 hours PI, 6.52 Ϯ 0.66 and 2.15 Ϯ 0.69 log CFU were recovered from the vitreous of the eyes infected with the parent (n ϭ 9) and the mutant (n ϭ 11) strains, respectively (P Ͻ 0.01; Table 2 ). 
MPO Activity
At 24 hours PI (n ϭ 6 eyes per group), the MPO units from the vitreous of eyes infected with either the mutant or the parent strain, respectively, were calculated to be 0.17 Ϯ 0.09 and 0.08 Ϯ 0.06 (P ϭ 0.44). However, at 48 hours PI, the vitreous of eyes infected with the mutant strain (0.10 Ϯ 0.07) had significantly lower MPO activity compared with the vitreous infected with the parent strain (4.38 Ϯ 1.77; P ϭ 0.04; Table 3 ).
Cytokine Expression
RT-PCR of infected vitreous showed trends in host cytokine expression. Interleukin-1␤, TNF-␣, and IL-6 expression trended toward upregulation from 3 to 12 hours PI for vitreous infected with both the parent strain and the capsule-deficient mutant strain (Fig. 3) . However, IL-10 and IL-8 expression did not appear to change (Fig. 3) . Expression of IL-10 was not observed at any time point (3, 12, 24, 36, or 48 hours PI; 24, 36, and 48 hours not shown) for vitreous infected with the parent or the mutant strain. No obvious differences in cytokine expression between vitreous infected with the parent strain or the capsule-deficient mutant were observed at any of the time points tested (6 and 9 hours; not shown).
Histopathology
All eyes were removed in whole, sectioned, and stained with hematoxylin and eosin for visualization of general immune cell infiltration and retinal destruction (Fig. 4) , an anti-mouse neutrophil stain that cross-reacts with rabbit for visualization of neutrophils (Fig. 5) , or an anti-rabbit macrophage stain for visualization of macrophages (Fig. 6 ). To observe differences in infiltration at earlier time points during infection, eyes were harvested at 12, 24, and 36 hours PI. At all three time points, less severe infiltration was observed in eyes infected with the mutant strain (Figs. 4F-J, 5G-L) compared with eyes infected with the parent strain (Figs. 4A-E, 5A-F). Inflammation observed in the eyes infected with the parent strain was more pronounced and destructive than in the eyes infected with the mutant strain. In addition, inflammation of the vitreous, retina, and choroid was observed in the eyes infected with the parent strain; the retinas became detached from the optic disc and were destroyed (Figs. 4D, 4E ). Retinas were largely intact in the eyes infected with the mutant strain (Figs. 4I, 4J), and fewer neutrophils were detected (Figs. 5G-J), which reflected the lower MPO activity determined. All these data together strengthen the argument that capsule is important in this infection model. Macrophages were present in the vitreous of rabbits infected with either strain (Fig. 6) . Depending on the area of each histology section chosen for observation, the general amount of macrophages appeared to be similar, greater, or fewer in eyes infected with either strain; therefore, it was concluded that there were no overt differences in macrophage recruitment. Parent, parent strain; Mutant, capsule-deficient isogenic mutant strain.
* P ϭ 0.44 at 24 hours and P ϭ 0.04 at 48 hours PI.
FIGURE 2.
Percentage loss of retinal function at 24 and 48 hours PI for eyes infected intravitreously with the parent strain or the mutant strain. At 48 hours PI, eyes infected with the parent strain had a significantly higher percentage loss of retinal function than eyes infected with the mutant strain. Error bars represent 95% confidence intervals.
FIGURE 3.
Cytokine mRNA expression at 3 and 12 hours PI for eyes infected intravitreously with the parent strain ( lanes 1-4, 8-11 ) or the mutant strain (lanes 5-7, 12, 13) . IL-1␤, TNF-␣, and IL-6 were upregulated in the vitreous by both strains. IL-10 was not expressed by 48 hours PI (12 hours PI shown), and IL-8 was expressed at all time points in both infections. GAPDH was the housekeeping gene. Each lane represents vitreous from an individual eye.
DISCUSSION
The polysaccharide capsule of S. pneumoniae has been demonstrated to be required for virulence in all the nonocular pneumococcal diseases studied to date. [7] [8] [9] [10] [11] [12] However, capsule has been shown to have no effect on the pathogenesis of pneumococcal keratitis. Reed et al. reported that S. pneumoniae D39 and its nonencapsulated counterpart, R6, were equally virulent in the rabbit cornea. Both strains produced statistically similar clinical scores, which suggested that factors other than capsule were important for pneumococcal corneal disease. 16 One such virulence factor is pneumolysin, the major cholesterol-dependent cytolysin of S. pneumoniae, which was previously reported to be important for S. pneumoniae keratitis. 31, 32 Immune response to polysaccharide was observed by injecting purified polysaccharide into the vitreous of naive rabbits. Soriano et al. 4 reported that capsule types 9, 19, and 23 were 3 of the 5 most common capsule types in pneumococcal endophthalmitis. Because purified polysaccharides of these types were readily available, these were used to show that purified capsule alone does not cause adverse effects in the eye.
Pneumolysin has been shown to be an important factor in pneumococcal endophthalmitis, particularly in the early stages of the disease. 6 Pneumolysin is not, however, the sole component of S. pneumoniae responsible for endophthalmitis because a strain deficient in pneumolysin was able to produce symptoms as severe as the intact parent strain in the later stages of the disease in rats. 6 No studies until now have been reported regarding whether the S. pneumoniae polysaccharide capsule is required for, or contributes to, pneumococcal endophthalmitis. The results presented herein demonstrate that vitreous infected with an encapsulated clinical ocular strain of S. pneumoniae had significantly more severe disease symptoms than vitreous infected with the capsule-deficient isogenic mutant strain. The encapsulated and nonencapsulated strains in the present study were also used to infect rabbit corneas to determine whether these particular strains behaved in the same manner as the strains used in the keratitis study by Reed et al. 16 Similar to those findings, 16 there was no significant difference in SLE scores between the two infection groups for keratitis. 26 The data from this study show that capsule is an important virulence factor in bacterial endophthalmitis. Because the immune system recognizes pneumococcal capsular polysaccharides, 33 the encapsulated bacteria might have elicited a stronger immune response in the vitreous than the nonencapsulated bacteria, which would explain why an abundance of neutrophils was observed in the histologic sections. The polysaccharide structure contains carbohydrates, and the immune system recognizes these antigens in a T-cell-independent manner. 34 A characteristic consequence of bacterial endophthalmitis caused by activation of the immune response and breakdown of the blood-ocular fluid barrier is a massive infiltration of inflammatory cells into the intraocular cavity, 35 as observed in the present study (Figs. 1B, 5D ). The MPO data reflected the significantly higher SLE scores observed for eyes infected with the capsular parent strain at 48 hours PI. Moreover, retinal function as measured by ERG was significantly decreased in eyes infected with the parent strain compared with eyes infected with the mutant strain, a finding supported by the retinal destruction observed in the histopathologic sections.
The likely reason for the lack of killing of the encapsulated strain in the vitreous is that the proposed function of the pneumococcal capsule is escape from ingestion by phagocytes.
7,10,36 -39 The nonencapsulated mutant strain, in contrast, was able to grow above inoculum by 24 hours PI but then decreased to approximately 2 log 10 units (approximately 4 log 10 units below the encapsulated strain) by 48 hours PI. The nonencapsulated mutant strain was probably unable to escape phagocytosis as readily as the encapsulated parent strain.
The present study also examined whether the overall expression of selected cytokines was different in the vitreous of eyes infected with the capsular strain than in those infected with the mutant strain. Two previous studies determined that IL-1␤ and TNF-␣ were upregulated over time in rat models of Staphylococcus aureus and Staphylococcus epidermidis endophthalmitis. 40, 41 Additionally, Bootsma et al. 42 observed the effects of three encapsulated strains of S. pneumoniae and their respective isogenic capsule mutants on cytokine production by human pharyngeal epithelial cells in vitro. Although IL-1␤, IL-6, and TNF-␣IP3 were all upregulated in response to pneumococcal binding to the cells, no significant differences were found in the expression of these cytokines when cell cultures infected with the encapsulated parent strains or the isogenic capsule mutants were compared. The results reported herein for cytokine induction during pneumococcal endophthalmitis agree with these previous findings.
In contrast to the trend toward upregulation of some cytokines, IL-10 and IL-8 appeared unchanged. IL-10, an anti-inflammatory cytokine, 43 was not detected at any of the time points tested. There is no commercially available positive control for this reaction. Time points of 3, 6, 9, and 12 hours PI were chosen for the detection of IL-1␤, TNF-␣, IL-6, and IL-8 expression, and those of 3, 6, 9, 12, 24, 36, and 48 hours PI were chosen for the detection of IL-10 and GAPDH in the present study. Time points between 3 and 12 hours PI were chosen because it was observed in a previous study that certain cytokines are detected as early as 6 hours PI and peak around 12 to 24 hours PI. The later time points were chosen for IL-10 and GAPDH to determine whether IL-10 expression was observed later in infection. 43 IL-8 is a chemotactic cytokine that attracts neutrophils, 44 and because neutrophils were observed in the histology specimens of eyes infected with both the parent and the mutant strains, IL-8 expression at all time points in both infections was not altogether unexpected. By 48 hours PI, more immune cells appeared to be recruited into the vitreous of eyes infected with the parent strain, as observed by neutrophil staining (Fig. 5) . However, there was not a significant difference in macrophages between the two infections at this time point. There was a significant difference in SLE scores at 24 hours PI and a trend toward upregulation of IL-1␤, IL-6, and TNF-␣ between 3 and 12 hours, but there was not a significant difference in MPO units observed at the same time point. At 48 hours PI, significantly lower MPO activity was observed in the vitreous of eyes infected with the mutant strain. By 48 hours PI, eyes infected with the parent strain had significantly higher MPO activity in recovered vitreous, more positively identified neutrophils, significantly higher SLE score, and either similar or greater amounts of macrophages as eyes infected with the mutant strain, depending on which section of the vitreous was observed by immunohistochemistry staining. One study showed several different techniques used by the pneumococcal capsule to evade phagocytosis, including blocking Fc-gamma-mediated phagocytosis, complement receptors, and nonopsonic receptors. 45 The presence of macrophages in the vitreous of eyes infected with the mutant strain at 48 hours suggests that the lack of capsule on the mutant strain was failing to protect these bacteria from opsonization, allowing more efficient clearing of the bacteria.
This study showed a correlation between capsule and severity of infection. Although the eyes infected with the mutant strain had significantly lower SLE scores by 48 hours PI, the infection was severe enough to warrant euthanatization of the rabbits for humane reasons. The ability of the mutant strain to cause severe endophthalmitis, albeit delayed compared with that of the parent strain, indicates that factors other than the capsule are important in the pathogenesis of pneumococcal endophthalmitis. The mutant strain retained its ability to produce pneumolysin, which was previously reported to play a role in the early stages of endophthalmitis. 5 Besides capsule and pneumolysin, the damage caused by the immune system of the host is a key factor in this disease; however, this observation does not exclude the possibility of other as yet unidentified bacterial virulence factors eliciting direct effects on the ocular tissues. The combination of multiple factors involved in pneumococcal endophthalmitis, some unknown, underscores the complexity of this disease.
